Abstract -This paper presents a numerical investigation on the buckling behaviour of plasterboard protected CFS channel-section beams subjected to uniformly distributed loads when exposed to fire on its one side. The work involves three phases, namely heat transfer analysis, pre-buckling analysis and buckling analysis. The heat transfer analysis is accomplished using two-dimensional finite element analysis methods, from which the temperature fields of the channel-section beams are obtained. The pre-buckling analysis is completed using the Bernoulli bending theory of beams with considering the effects of temperature on strain and mechanical properties. The buckling analysis is performed using combined finite strip analysis and classical Fourier series solutions, in which the mechanical properties are considered to be temperature dependent. The results show that there are significant temperature variations in web, fire exposed flange and lip. Also, it is found that the buckling behaviour of the beam with temperature variation in its section is quite different from that of the beam with a constant uniform temperature in its section.
Introduction
Thin-walled, cold-formed steel (CFS) members are traditionally used as purlins, the intermediate members in a roof system to support the corrugated roof or wall sheeting and transmit the force to the main structural frame. In recent years CFS has been also increasingly used as load-bearing components in low-and mid-rise buildings due to its advantages of high strength-to-weight ratio, ease of fabrication, and the flexibility of sectional profiles. However, the features such as thin thickness, open cross-section and great flexural rigidity difference about two cross-sectional axes, lead the buckling failure to be the main failure mode of CFS members [1] . When it is exposed to a fire, the rapid temperature rise in a CFS member makes the buckling behaviour even worse because of the reduced mechanical properties at elevated temperatures [2] . If the temperature distribution in a member is uniform, the buckling behaviour of the member can be analysed based on uniformly reduced material properties. However, if the temperature distribution in a member is not uniform, which usually happens in internal walls and/or floor panels when CFS members are exposed to fire on one side, the temperature-dependent material properties vary within the member. This makes the analysis of structures much complicated, the problem of which is not fully addressed in the existing analysis of CFS members.
The buckling resistance of CFS columns at elevated temperatures has been investigated by many researchers, for example [3] [4] [5] . However, limited studies could be found on the buckling behaviour of CFS beams in fire. The lateral-torsional buckling behaviour of CFS beams under uniform temperatures has been studied by Kankanamge and Mahendran [6] based on their experimentally obtained mechanical properties [7] . The comparison of their results with the design code recommended in EN1993-1-2 [8] showed that the design method presented in EN1993-1-2 is over-conservative for most members except that the members are very slender. It was also recognized that the moment capacity data were scattered in the intermediate slenderness range and therefore separate buckling curves are needed for different elevated temperatures in order to give accurate design prediction. Furthermore, the temperature limit of 350 o C for CFS recommended in EN1993-1-2 was found over conservative for CFS beams in fire [6, 9] . Recently, Laím et al. have carried out an experimental study on the buckling resistance of CFS beams in fire [10] . Channel section and compounded lipped I-, R-and 2R-section beams were tested under various boundary conditions. It was found that the critical temperature of all simply supported beams went up to about 700 o C. Therefore a demand of an accurate design guideline has been raised to extend the use of CFS.
Direct Strength Method (DSM) [11] has been adopted as an alternative design method to the Effective Width Method (EWM) due to the advantages of no need for tedious calculation of effective width. Since the buckling resistance could be directly determined by using DSM based on the elastic buckling loads and the squash load, an accurate calculation of member elastic buckling load is essential. The eigenvalue analysis software CUFSM [12] based on the Finite Strip Method (FSM) has been widely adopted typically to get the elastic buckling loads. However, since CUFSM was developed under ambient temperature, the effect of thermal expansion on the stress distribution and the shift of neutral axis under non-uniform temperatures are not taken into account in the code. The present study is therefore to further explore the application of FSM to the buckling analysis of CFS members at elevated temperatures by considering non-uniform temperature distribution in the members.
Heat transfer
CFS sections utilised in buildings are usually protected by plasterboards or other fire resistant materials in order to increase their fire resistance. Thus, when they are exposed to a fire environment the temperature in CFS members will be much less than the fire temperature. Depending on how the member is protected, the temperature in a CFS member may be treated as time-dependent or both time-and position-dependent. The former means that the temperature is uniformly distributed within the member although it may vary with time, while the latter means that the temperature within the member varies with both time and position. Analytical approaches have been developed for calculating the uniform temperature in fire protected members using the concept of energy conservation [2] . For members with nonuniform temperature distribution numerical methods of heat transfer are normally used, in which the protected member and protection material are treated as a system for which the heat transfer analysis is conducted.
Consider a channel-section beam that is protected by plasterboard on its one side, as is shown in Fig. 1 . When a fire occurs underneath the plasterboard heat will transfer from the fire to the beam through the plasterboard. The actual temperature distribution in the beam can be calculated using the theory of heat transfer as follows,
where  is the density, c is the specific heat, T is the temperature, t is the time,  is the thermal conductivity. For the case where the fire is uniform along the beam length, the heat transfer can be treated as a two-dimensional plane problem within the cross-section of the beam. The boundary conditions of Eq. (1) can be expressed as follows,
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On the fire exposed surface:
On the ambient exposed surface:
On the symmetric plane:
where n is the surface normal, g = 25 W/m 2 K is the coefficient of heat transfer by convection on the fire exposed surface, a = 9 W/m 2 K is the coefficient of heat transfer by convection on the ambient exposed surface, Tg is the fire temperature in the vicinity of the fire exposed surface, Ta is the air temperature in the vicinity of the ambient exposed surface, g = 0.7 is the surface emissivity on the fire exposed surface,a = 1 is the surface emissivity on the ambient exposed surface, and
For the present problem Eq. (1) is applied to the fire exposed surface of the plasterboard, Eq. (4) is applied to the two vertical sides of the plasterboard because of the periodically symmetrical boundary condition, and Eq. (3) is applied to all exposed surfaces of the channel section. Solving Eq. (1) with the boundary conditions defined by Eq. (2)- (4) using finite element methods the temperature distribution in the channel section can be obtained. The material properties used in the heat transfer analysis are given in [13] for the plasterboard and [8] for the CFS. Fig. 2 plots the temperature distributions in the channel section at three different times, in which the fire temperature is defined using a standard fire curve, i.e. Tg = Ta + 345log(8t/60+1) and the air temperature is defined as a constant, i.e. Ta = 20 o C. As is to be expected, the temperature in the channel section is found to be higher at a point that is closer to the fire exposed surface. It can be seen from Fig. 2 that the variation of temperature in the fire exposed flange, fire exposed lip and web is quite significant, indicating that the temperature is not uniformly distributed in these elements. Compared to the temperature in the fire exposed elements, the temperature in the fire unexposed flange and lip remains low even after an hour of the fire exposure. Note that the highest temperature in the channel section is much lower than the fire temperature because of the use of 12.5 mm thick plasterboard protection. For example, after an hour fire exposure, the highest temperature in the two channel sections is 250 o C, while the fire temperature at the same time is about 945 o C.
Pre-buckling analysis
The channel section is not symmetric about the principal axis parallel to its web line. Its shear centre is also not at the centroid. However, when they are used in buildings to support the loading on the floor or ceiling, several channel-section beams are usually used together (see Fig. 1 ). In this case the transverse loading on the channel-section beam can be assumed to act at the shear centre of the section.
If the channel section has a uniformly distributed temperature then the mechanical properties of the section are also symmetric about its geometrically symmetric axis. However, if the temperature is not uniform in the cross-section then the mechanical properties will no longer 4 be symmetric about its geometrically symmetric axis. In this case the bending of the beam has to be treated as an asymmetric bending case.
Let o be the centroid of the channel-section, x be the longitudinal axis, y and z be the two geometrically principal axes of the cross-section, respectively. By using Bernoulli beam's assumption, the axial strain at any coordinate point of the cross-section can be expressed as the sum of a membrane strain and two bending strains as follows,
where is the membrane strain, xy and xz are the curvatures of the beam in the xy-and xzplanes, respectively. On the other hand, the total axial strain can also be decomposed in terms of the components generated by individual actions,
where s is the axial stress, E is the temperature-dependent Young's modulus, andth is the thermal strain. Solve s from Eqs. (5) and (6), yielding, ) (
The resultant force and moments on the cross-section requires the following equilibrium equations, where Nx is the axial membrane force, My and Mz are the bending moments about y-and zaxes, respectively. For a simply supported channel-section beam Mz = qx(l-x)/2 where q is the uniform load and l is the beam length. Note that if the beam is fully restrained in its lateral direction then xz = 0 instead of using My = 0. The integrations involved in Eqs. (8)- (10) require the Young's modulus, which decreases with increased temperature. Fig. 3 graphically shows the variations of the Young's modulus and yield strength of CFS with temperature, which are obtained from experiments [7] .
Eqs. (8)- (10) can be used to determine the membrane strain () and bending curvatures (xy and xz) of the beam, which are then substituted into Eq. (7) to obtain the axial stress s. Note that if the temperature is uniformly distributed within the cross section, the stress distribution generated by the moment Mz will follow the conventional distribution of bending stress. However, if a fire occurs only on one side of the member, for instance, as shown in Fig. 1 , the temperature will be non-uniform in the cross section and so do the material properties. In this case the axial stress distribution across the section has to be determined using Eqs. (7)- (10) based on the actual temperature distribution and the temperature-dependent Young's modulus.
The axial stress distributions on the middle section of the two channel-section beams under non-uniform temperature distributions are plotted in Fig. 4 , in which the temperatures are obtained from the heat transfer analysis described in Section 2 and a yield uniformly distributed load is used (that is ql 2 /8 = My,To where My,To = 2yoIz/d is the yield moment of the beam, yo is the yield stress at ambient temperature and Iz is the second moment of crosssectional area of the beam about z-axis). The first-and second-row in Fig. 4 are for the small and large channel sections, respectively. The compressive stress is taken as positive and the tensile stress is as negative. It is revealed in Fig. 4 that the non-uniform temperature distribution influences the stress distribution within the cross-section remarkably. The largest compressive stress is found to occur at the junction between web and fire unexposed flange and it increases with the rise of temperature. The largest tensile stress is found to be either at the end of the fire exposed lip or in the web depending on the fire temperature and sectional dimensions, which also increases with the rise of temperature. The tension region in web is clearly increased as temperature rises, indicating the shift of the neutral axis towards to the compressed flange where the temperature is low. This is due to the variation of elastic modulus within the cross-section caused by the non-uniform temperature. The figure also shows that the stress distribution varies almost linearly along the flanges, lips and most part of the web, except for some part of the web near the fire exposed flange. This is mainly because the nonlinear temperature distribution introduces a nonlinear thermal expansion, which generates a local bending in order that the cross-section remains in plane. The local bending increases the tensile stress in the web with a lower temperature, and the influence becomes more remarkable under a higher nonlinear temperature distribution, as shown in Fig.  4 (c) and 4(f).
Buckling analysis
Buckling analysis can be completed in a variety of ways. The commonly used methods include the finite element analysis, finite strip analysis, classical Fourier series solutions, and generalized beam theory method [12] . For CFS members subjected to pure compression and/or pure bending, the finite strip analysis is the most effective method [14] . However, if the CFS members are subjected to transverse loading, one has to combine the finite strip analysis and classical Fourier series solutions [15, 16] due to the variation of pre-buckling stresses along the longitudinal axis.
To apply the combined finite strip analysis and classical Fourier series solutions to CFS members subjected to transverse loading at elevated temperatures, one has to modify the existing finite strip analysis by taking into account the temperature effect on the Young's modulus. Using the pre-buckling stress given by Eq. (7) and the Young's modulus defined in Fig. 3 , similar matrix equations to those given in [15, 16] but with different matrix coefficients have been derived by Cheng [17] , from which the critical buckling load is determined. The mathematical details for the modified finite strip analysis can be found in [17] and thus will not be provided further here. In the local buckling region the critical moment in most curves is found to decrease with increased beam length until it reaches a minimum value after which it keeps unchanged. In the distortional buckling region the critical moment also decreases with increased beam length until the buckling mode changes to lateral-torsional buckling mode in which case the decrease becomes fast. The reason of reduction in the critical moments of local and distortional buckling is due to the parabolic distribution of pre-buckling stress along the beam length, which has been explained previously by Chu et al. [16] . Note that the two buckling curves corresponding to temperatures 500 o C and 600 o C are slightly different from others. This is mainly due to the shift of the neutral axis of the cross-section under non-uniform temperature distributions. As a result of this, the local buckling moment near the lateral-torsional buckling region increases slightly with the increased beam length. In general the critical moment is lower if the temperature is higher with the exception in the distortional buckling region where the critical moments are in the opposite order. This is probably due to the combined influence of the neutral axis shift as mentioned above and the interaction between local and distortional buckling. It is interesting to notice that for the lateral torsional buckling although the high temperature T influences the critical buckling moment, the effect is almost negligible. This is probably due to the low temperature in the compression zone since the fire exposed surface is on the tension side of the beam and although the temperature increases in the tension zone the temperature in the compressed flange remains low, as is demonstrated in Fig. 2 .
In order to examine whether the material yield has occurred when the beam buckles, Fig. 6 re-plots the critical moment of Fig. 5 by using the relative critical moment Mcr/My,T where My,T = My,T0*η is the yield moment of the beam and η is the reduction factor of the yield moment at temperature T [17] , which is defined as η = min(y,T/s,T) where y,T and s,T are the yield stress and pre-buckling stress at temperature T, respectively. Since the ratio of y,T/s,T varies with position, a minimum value is taken for η. It can be seen from the figure that, due to the value of My,T decreases with increased temperature, the relative critical moment increases steadily with increased temperature. This indicates that the slenderness of the channel-section beam will decrease with the increase of temperature, particularly for T > 400 o C. This finding applies to both the small and large channel section beams.
To examine the difference in buckling behaviour between beams with constant [18] and varying temperature distributions in their cross-sections, Fig. 7 shows the dimensionless critical moments of the two channel-section beams subjected to a uniformly distributed transverse load, with a constant temperature T in its cross-section, in which Mcr is calculated using a uniform temperature distribution in its section. Comparing the critical buckling curves shown in Fig. 7 and those shown in Fig. 5 , one can clearly see that for beams with a constant temperature distribution, the higher the temperature in the beam, the lower the critical moment of the beam, although the variation of the critical moment to the temperature is greater in the local buckling region than in the lateral-torsional buckling region. Another significant difference between Fig. 5 and Fig. 7 is the critical moment of lateral torsional buckling. In the former all curves almost lie together, while in the latter they are not. although the difference between them is rather small. This is mainly due to the different reduction rates of Young's modulus and yield strength of the CFS material in the temperature regions less and greater than 300 o C (see Fig. 3 ). The apparent difference between Fig. 6 and Fig. 8 indicates that the temperature variation in the section could significantly change the slenderness and thus the fire performance of the beam. Therefore the use of correct temperature distribution is very important in order to predict accurate buckling loads/moments and to fully understand the buckling behaviour of CFS beams at elevated temperatures.
Conclusions
This paper has presented a numerical investigation on the buckling behaviour of plasterboard protected CFS channel-section beams subjected to uniformly distributed loads when exposed to fire. The work involves three phases, namely heat transfer analysis, pre-buckling analysis and buckling analysis. The heat transfer analysis has been accomplished using twodimensional finite element analysis methods, from which the temperature fields of the channel-section beams are obtained. The pre-buckling analysis has been completed by using the Bernoulli bending theory of beams with considering both effects of temperature on strain and mechanical properties. The buckling analysis has been performed by using combined finite strip analysis and classical Fourier series solutions, in which the mechanical properties are considered to be temperature dependent. From the results obtained the following conclusions can be drawn:  Significant temperature variation is found along the web, fire exposed flange and lip of the plasterboard protected CFS channel-section beam. Although the temperature in the fire exposed flange increases promptly with the exposed time the temperature in the fire unexposed flange remains low.  The temperature variation within the section has significant influence on the distribution of pre-buckling stress of the channel section beam subjected to uniform transverse load. High temperature zone has low pre-buckling stresses and low temperature zone has high pre-buckling stresses, which leads to a shift of neutral axis towards to the low temperature zone.  For the case where the fire is on the tension side of the beam, the fire will reduce the size of the compression zone but increase the magnitude of the maximum compressive stress on the fire unexposed flange. The former has a positive effect on the lateral-torsional buckling but almost no effect on the local buckling of the beam, whereas the latter has a negative effect on both lateral-torsional and local buckling of the beam.  The temperature variation within the section has a significant influence on the calculation of slenderness of the beam. Thus the fire design formulae developed for beams of uniform temperatures may not be applied to the beams of non-uniform temperatures. 
